This paper introduces an Integrated fuzzy logic controller (IFLC) for brushless dc (BLDC) motor drives using advanced simulation model and presents a comparative study of performances of PID controller and IFLC. The dynamic characteristics of speed and torque are effectively monitored and analyzed using the proposed model. The aim of IFLC is to obtain improved performance in terms of disturbance rejection or parameter variation than obtained using PID controller. The IFLC is constructed by using Fuzzy logic controller (FLC) and PID controller. A performance comparison of the controllers is also given based on the integral of the absolute value of the error (IAE), the integral of the squared error (ISE), the integral of the time-weighted absolute error (ITAE) and the integral of the timeweighted squared error (ITSE). The results show the effectiveness of the proposed controller.
INTRODUCTION
The brushless DC (BLDC) motor is becoming widely used as a small horse power control. This device has the physical appearance of a 3-phase permanent magnet synchronous machine. It is generally driven from a six step inverter which converts a constant voltage to 3-phase voltages with frequency corresponding instantaneously to the rotor speed. The inverter machine combination has the terminal and output characteristics resembling those of a DC shunt motor, hence the name brushless DC motor [1, 2] .
Recent developments in permanent magnet materials, power electronics and modern control technologies have significantly influenced the widespread use of Permanent Magnet BLDC (PMBLDC) motor in order to meet the competitive world wide market demands of manufactured goods, devices, products and processors. Large, medium, small as well as micro PMBLDC motors are extensively sought for applications in all sorts of motion control apparatus and systems [3] . The marvelous increase in the popularity of the PMBLDC motor among engineers bears testimony to its industrial usefulness in terms of superior performance and relative size. High efficiency due to reduced losses, low maintenance and low rotor inertia of the PMBLDC motor have increased the demand of PMBLDC motors in high power servo and robotic applications. The invention of modern solid state devices like MOSFET, IGBT and high energy rare earth permanent magnets have widely enhanced the applications of PMBLDC motors in variable speed drives [4] .
MATHEMATICAL MODEL OF THE BLDC MOTOR DRIVE SYSTEM
The complete BLDC motor drive system consists of a permanent magnet motor fed by a three-phase PWM inverter, rotor position sensor, hysteresis current controller and speed controller. The inverter which is connected to the dc supply feeds controlled power to the motor. The magnitude and frequency of the inverter output voltage depends on the switching signals generated by the hysteresis controller [5] . The state of these switching signals at any instant is determined by the rotor position, speed error and winding currents. The controller synchronizes the winding currents with the rotor position. It also facilitates the variable speed operation of the drive and maintains the motor speed reference value even during load variations and supply fluctuations [6] . Fig.1 shows the block diagram of the closed loop drive of the PMBLDC motor. 
MODELING OF PERMANENT MAGNET BRUSHLESS DC MOTOR
The mathematical model of the motor is developed based on the assumption in [7] . Fig.2 shows the overall system configuration of the three phase PMBLDC drive. The armature voltages obtained from Fig.2 can be expressed as (4), (5) and (6) Fig.3 . Back EMF and phase current waveforms of PMBLDC motor
The phase currents i a , i b and i c are given by equations (7), (8) and (9),
The electromagnetic torque developed is given by, 
The torque balance equation is expressed as, e L r r T T Bω (2J / P)dω / dt    (11) where, J is the inertia of the rotor, B is the damping coefficient associated with the rotational system of the motor and T L is the mechanical load torque. The rotor position is a function of ω r and is expressed as,
PID SPEED CONTROLLER
A PID speed controller has been chosen with gain parameters k p , k i and k d . The speed of the motor is compared with the reference value and the error in speed is processed by the speed controller. The output of the PID controller at any instant is the reference torque given by, (13) where, T ref is the reference torque, k p is the proportional gain, k i is the integral gain, k d is the derivative gain, ω ref is the reference speed in rad/s and ω r is the actual speed in rad/s.
REFERENCE CURRENT GENERATION
The magnitude of the reference current I ref is determined from the reference torque (T ref ) and the torque constant (K t ),
Depending upon the rotor position, the reference current generator generates the three phase reference currents (i aref , i bref , i cref ) by taking the value of the reference current magnitude as I ref ,-I ref and 0 as shown in Table. 1.
HYSTERESIS CURRENT CONTROLLER
The control logic of hysteresis current controller for one of the three Phases is shown in Fig 
THREE PHASE VOLTAGE SOURCE INVERTER
The inverter phase voltages are generated from switching functions SF a , SF b and SF c , which are obtained from hysteresis controller block and are as follows,
SIMULATION OF BLDC MOTOR USING PID CONTROLLER
The simulation of speed control of BLDC Motor is done by using conventional PID controller using MATLAB simulink, a software package, for modeling, simulating and analyzing dynamical systems. The Fig. 5 shows the simulink model of speed control of BLDC Motor by using conventional PID controller. The control circuit determines the switching action to be performed based on rotor position feedback. The speed controller and the hysteresis current controller are used to maintain the speed and the current at the specified reference value. The hysteresis band is taken as 0.1 and DC voltage of 160V is applied to the inverter.
PARAMETERS OF PID CONTROLLER
Proportional gain k p = 0.2 Integral gain k i = 0.02 Derivative gain k d = 0.0000012 
PMBLDC MOTOR SPECIFICATIONS

RESPONSE OF THE BLDC DRIVE DURING STARTING AND SPEED REVERSAL
Figures 6, 7, and 8 show the rotor speed, phase currents and developed torque of PMBLDC motor with PID controller from standstill to a speed of 3500 rpm and when the motor is suddenly changed to other direction from steady state at t=0.05 sec.
PERFORMANCE OF THE DRIVE UNDER LOAD CHANGE
Figures 9, 10, and 11 show the performance of the of PMBLDC motor with PID controller under load perturbation (applying load at t=0.04 sec and removal at t=0.06 sec.). 
SIMULATION OF BLDC MOTOR USING INTEGRATED FUZZY LOGIC CONTROLLER
Fuzzy logic has been developed about fifty years. During the past several years, fuzzy logic control technology has been widely and successfully utilized in numerous industrial applications and consumer products. Since fuzzy logic with human like but systematic property can convert the linguistic control rules based on expert knowledge into automatic control strategy, it can be well applied to control the systems with uncertain or unmodelled dynamics [8] , [9] . On the basis of these properties of fuzzy logic, this paper proposes an integrated fuzzy logic concept to improve the performance of some other existed control systems. The fuzzy logic controller (FLC) which depends on fuzzy logic provides a way of converting a linguistic control strategy based on expert knowledge into automatic control strategy. The integrated fuzzy logic controller (IFLC) consists of incorporating the FLC into some other existing control system. The main advantage of using integrated fuzzy logic control structure is that one does not have to redesign the existed control system but also acquire the satisfactory response when disturbances and noises enter [10] , [11] .
INTEGRATED FUZZY LOGIC CONTROL SYSTEM
The integrated fuzzy logic controller (IFLC) system is organized by using the FLC to control the existed control system (such as PID control system). The PID control system for BLDC motor drive does not give the performance in the desired range during load perturbation or/and some disturbances. However, the redesign of PID controller for various load conditions, sudden disturbances and parameter variations during on line is much complex and troublesome. It is fortunate that IFLC structure gives satisfactory results in these cases. It is seen that to incorporate the FLC into the PID controlled BLDC motor drive system is better than redesigning the original PID controlled system, even if we do not understand the dynamics of original PID controlled BLDC motor drive system. The basic configuration IFLC is shown in Fig. 12 . The purpose of using IFLC structure is that the IFLC system is cheaply realized and is easily adjusted by modifying the rules.
All membership functions of the FLC inputs, error (e) and change in error (Δe), and the output (Δu) are defined on the common normalized domain [-1, 1]. The characters NB, NM, NS, ZE, PS, PM and PB stand for negative big, negative medium, negative small, zero, positive small, positive medium and positive big respectively. Here triangular membership functions are chosen for NM, NS, ZE, PS, PM fuzzy sets and trapezoidal membership functions are chosen for fuzzy sets NB and PB. The rule base for computing the output Δu is in Table. 2. This is a very often used rule base designed with a two dimensional phase plane [12] , [13] . The control rules in Table. 2 are built based on the characteristics of the step response. Since the present control system (PID control system) nears our desired situation, we only provide a little control action to the control system. However, we should still adjust several fuzzy rules to adapt particular controlled system. The simulation of speed control of PMBLDC motor is done by using IFLC and the parameters of the IFLC are same as the conventional PID controller. Figures 13, 14 and 15 show the rotor speed, phase currents and developed torque of PMBLDC motor with IFLC from standstill to a speed of 3500 rpm and when the motor is suddenly changed to other direction from steady state at t=0.05 sec. 
RESPONSE OF THE BLDC DRIVE DURING STARTING AND SPEED REVERSAL
RESULTS AND DISCUSSION
The performance of PID controller and IFLC is evaluated for the speed control of PMBLDC motor during different operating conditions. The performance specifications such as settling time, peak over shoot, steady state error, time taken to reach the set speed in the reverse direction and dip in speed when rated load torque applied are shown in Table. 3 from the observations of transient and steady state response of the PMBLDC motor for the set speeds of 3500 rpm, 3000 rpm, 2500 rpm, 2000 rpm, 1500 rpm and 1000 rpm for both the PID controller and IFLC. It is found that the steady state error for PID controller is 14 rpm whereas for IFLC, it is only 0.5 rpm which is very less as compared to PID controller. Also notice that each performance measure value in Tables 3 and 4 corresponding to the IFLC is smaller than the corresponding value for the PID controller. It is also seen that the IFLC leads to a faster response and a smaller overshoot than PID controller. It is observed that IFLC starting response is good for all the speeds and for most of the speeds overshoot is less. The improved performance of BLDC motor is obtained by minimizing the overshoot present in the transient response and settling time using the IFLC as compared with PID controller by obtaining the step response. The transient deviation of the response from the set reference following variation in load torque is found to be negligibly small along with a desirable reduction in settling time for the IFLC. The response is smooth and no oscillation in the case of IFLC. This is due to robust and accurate control structure of the IFLC. The results show significant improvement in the response of PMBLDC motor with the IFLC.
COMPARISON OF PERFORMANCE INDICES
A performance comparison of PID and IFLC controllers is also given based on the integral of the absolute value of the error (IAE), the integral of the squared error (ISE), the integral of the time-weighted absolute error (ITAE) and the integral of timeweighted squared error (ITSE) for the speeds 3500 rpm, 3000 rpm, 2500 rpm, 2000 rpm, 1500 rpm and 1000 rpm. The Table. 4 shows a comparison of the performance indices for all the three controllers [14] , [15] . 
CONCLUSION
PID controller and IFLC have been employed for the speed control of PMBLDC motor. A performance comparison of PID controller and IFLC has been carried out by several simulations confirming the superiority of IFLC. The results have shown that IFLC is better than the PID controller for all the speeds. It is also found that the IFLC is robust to external load disturbances. The conclusion is that IFLC is found to be superior, more robust, faster and flexible and is insensitive to the parameter variations as compared with PID controller.
